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ABSTRACT

To determine the range of children’s exposures during their bus commutes, especially
those conditions leading to high exposures, real-time and integrated measurements of pollutant
concentrations were conducted inside five conventional diesel school buses, as well as a diesel
bus outfitted with a particulate trap and a bus powered by natural gas. Measurements were made
during 20 bus commutes on a Los Angeles Unified School District bus route from South Central
Los Angeles to the west side of LA, with additional runs on a second urban route, a
rural/suburban route, and to test the effect of window position.

Children’s school bus commutes in Los Angeles appear to expose them to significantly higher
concentrations of vehicle-related pollutants than ambient air concentrations and frequently higher
concentrations than those measured on roadways. Concentrations of diesel vehicle-related
pollutants such as black carbon and particle-bound PAHs were significantly higher on board
conventional diesel buses when windows were closed. This was due to the intrusion of the bus’s
own exhaust, as demonstrated through the use of a tracer gas added to each bus’s exhaust. When
windows were open, increased ventilation rates markedly reduced this effect, although high peak
concentrations were then observed when following other diesel vehicles.  On-board
concentrations of vehicle-related pollutants were also significantly higher on the urban routes
compared to the rural/suburban route, indicating the importance of surrounding traffic density.

Other related exposure scenarios such as bus loading and unloading, and time spent
waiting at bus stops, were shown to make relatively insignificant contributions to children’s
exposure, due to the generally lower concentrations and the short times spent at those activities
compared to bus commutes. Results from this study show that minimizing commute times, using
the cleanest buses for the longest routes, and reducing bus caravanning and idling time will
reduce children’s exposure to bus-related pollutants.
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1.0 EXECUTIVE SUMMARY

Background. Because children’s lungs are still developing and children are more susceptible to adverse
health effects from air pollution, potentially high pollutant exposures during school bus commutes are of
concern. Studies of pollutant concentrations inside vehicles show high exposures are typical, but few
studies have attempted to characterize concentrations on-board and near school buses. This study’s
main purpose was to determine the range of children’s exposures during their bus commutes, with an
emphasis on determining the specific factors and conditions leading to high exposures and comparing
the effects of different bus and traffic characteristics and bus operating conditions.

Methods Real-time and integrated measurements of pollutant concentrations were conducted in the
spring of 2002 while driving school bus routes in Los Angeles (LA) with five conventional diesel school
buses, manufactured from 1975 to 1998, a 1998 diesel bus outfitted with a particulate trap, and a 2002
bus powered by natural gas. All diesel buses used low sulfur “green” diesel fuel. Runs included ten
morning and ten afternoon bus commutes over an LA Unified School District (LAUSD) bus route from
South Central LA to the west side of LA, with four additional runs on a second LAUSD urban route,
seven additional runs on a rural/suburban route, and to three additional runs to test the effect of window
position.

Results: Bus stop and bus loading/unloading activities were shown to make small contributions to
overall commute-related exposures due to the low concentrations found there and the short lengths of
time involved in those activities. Exposure factors calculated were as much as two orders of magnitude
higher for bus commutes on urban routes than for the bus stop or loading/unloading microenvironments
(Table 1.1).

Table 1.1 Average exposure factors (air concentration = time) in three microenvironments.

Loading/Unloading' Bus Stops’ Urban Commutes’
Black Carbon (ug/m’ = min) 5 20 600
Particle-Bound PAH (ng/m® * min) 45 230 10000
INO, (ppb * min) 105 270 5500
Particle Counts (#/cm3 = min) 25 310 10000
PM2.5 (ug/m’ » min) N/A 130 3500

'Based on measurements taken during pilot study. “Based on five min. spent at bus stop and a 76 min. commute.

Overall, children’s school bus commutes in Los Angeles appear to expose them to significantly higher
concentrations of vehicle-related pollutants than ambient air concentrations and frequently higher
concentrations than those measured on roadways. Self-pollution from the bus’s own exhaust was found
to play a significant role in on-board bus concentrations, especially when windows were closed, as was
demonstrated by on-board measurements of an inert tracer gas, SF6, added to each bus’s exhaust. Older
buses showed higher rates of exhaust intrusion, but intrusion was detected in all buses. With closed
windows, mean concentrations of diesel vehicle-related pollutants such as black carbon and particle-
bound PAHs on board conventional diesel buses were more than double the mean concentrations with
windows open. Under closed window conditions, diesel vehicle-related pollutants were also
significantly higher on-board the conventional diesel buses as compared to the single CNG-powered
bus, while the trap-equipped bus had concentrations between the two (although diesel-related pollutant
concentrations on board this specific trap-outfitted bus appeared to be higher than expected based on



emissions data reported for other trap-equipped diesel vehicles). In contrast, natural gas-related
pollutants such as formaldehyde were higher aboard the CNG bus. With closed windows,
concentrations were also somewhat higher in the rear of the bus, but front/rear differences were
generally smaller than the bus-to-bus concentration differences. When windows were open, the
resulting high ventilation rates appeared to strongly reduce the amount of self-pollution, while the
influence of following individual vehicles became more pronounced, and high transient concentrations
of diesel vehicle-related pollutants were associated with proximity to other diesel vehicles.

On-board concentrations were also strongly influenced by other traffic sources. Table 1.2
presents the mean pollutant concentrations by run type for the urban and rural/suburban routes,
under open and closed window conditions. Both window position aentrations



2.0 INTRODUCTION AND BACKGROUND

2.1 Introduction

The health of children in California is the focus of intense interest by the Governor, the
State Legislature, and local, state and federal health agencies, as well as by academic researchers.
Growing evidence indicates children’s health may be affected by environmental influences,
including air pollutants. Although ambient (outdoor) air pollution may contribute to adverse
health effects, the highest exposures to a range of air contaminants may occur in other
microenvironments, especially in vehicles. Of particular concern to the California Air Resources
Board (ARB) is the time spent by children during school bus commutes. Out of the six million
school children in California, one million are transported by public school buses (California
Department of Education, 2002). About 70% of the 26,000 school buses operating in California
are powered by diesel engines (Horie et al., 1994; Long, 2000), and the ARB recently declared
particulate matter in diesel exhaust to be a toxic air contaminant.

A recent study of in-vehicle concentrations, conducted in Sacramento and Los Angeles
using a passenger vehicle as a chase car (Rodes et al., 1998), found that proximity to diesel
vehicles caused high concentrations of in-vehicle fine particles and black carbon. Moreover,
children may be exposed to high concentrations of diesel particulate matter (DPM) and other
associated vehicle emissions (e.g. nitrogen dioxide and carbon monoxide) while waiting at
school bus stops, riding on buses (particularly where buses are “caravanning”), or during the
time they are assembled at school for loading or unloading near buses that are idling.

2.2 Statement of the Problem

Because children’s lungs are still developing and because they are more susceptible to the
health effects of certain pollutants, there is concern regarding potentially high pollutant
exposures during commutes to and from school. However, no comprehensive studies of
children’s exposure while traveling to and from school have been performed to date in
California, even though roadways and sidewalks have been shown to have the highest outdoor
concentrations for many air pollutants and in-vehicle concentrations have been shown to be
higher than those measured at fixed site monitors and in some cases higher than measured along
roadways (Shikiya et al., 1989, Rodes et al. 1998).

Children are especially susceptible to air pollution because of their high inhalation rates
relative to body mass, high activity concentrations, greater time spent outdoors, narrower lung
airways, immature immune systems and rapid growth (Lipsett, 1989; Pope, 1989; Phillips et al.,
1991; Wiley et. al., 1991; U.S. EPA, 1996). In spite of this increased risk, there is a lack of data
concerning children’s in-vehicle exposure, especially involving diesel school buses. Because of
the potential for high pollutant concentrations, school bus cabins, roadways, bus stops, and
school yards near idling buses are critical microenvironments that must be included in accurate
assessments of children’s exposures.

2.3 Background
California Health and Safety Code Section 39660.5 requires the ARB to assess

Californians’ indoor exposures to toxic air pollutants as part of the ARB Toxic Air Contaminants
Program. The ARB is also required to identify the relative contribution of indoor concentrations



to total exposure, taking into account both ambient and enclosed (e.g. indoor and in-vehicle)
environments. Senate Bill 25 (Escutia 1999), requires the ARB to identify areas where exposure
of infants and children to air pollutants is not adequately measured by the current monitoring
network and to conduct enhanced monitoring. Because of the potential for high pollutant
concentrations, school bus cabins, roadways, bus stops, and school yards near idling buses are
critical microenvironments that must be included in assessments of children’s exposures.

It is well understood that gasoline-powered vehicles create significant concentrations of
fine particles, carbon monoxide (CO), oxides of nitrogen (NOy) and volatile organic compounds
(VOC), including aromatic VOC. In addition, diesel-powered vehicles emit greater mass per
mile of fine particles, NOy, sulfur compounds, semi-volatile organic compounds (SVOC) and
elemental carbon (EC), and may emit higher quantities of polycyclic aromatic hydrocarbons
(PAH), some of which are mutagenic and/or carcinogenic. Consistent with this, elevated
concentrations of elemental carbon and PAHs have been recorded in traffic tunnels and on
heavily traveled roadways (Hering et al., 1984; Benner et al., 1989; Venkataraman et al.,
1994a,b; Kirchstetter and Harley 1999).

In traffic, vehicle occupants are primarily exposed to the exhaust of neighboring vehicles,
particularly those directly ahead of the occupant’s vehicle (Rodes et al., 1998). In-vehicle
concentrations of CO and fuel-related VOCs have been found to be significantly higher than
those in ambient air (Shikiya et al., 1989; Ptak and Fallon, 1994; Lawryk and Weisel, 1995;
Rodes et al., 1998; Jo and Park, 1999, Alm et al., 1999). Of all these in-vehicle studies, only the
two (by Shikiya et al., 1989 and Rodes et al., 1998) were performed in California. Other
variables that have been shown by previous researchers to be important influences on in-vehicle
concentrations include traffic density, driving lane, inter-vehicle spacing, traffic speed, and the
number of stops. Secondary factors that may also be significant under certain conditions include
wind speed and direction, inverse height, time of day, vehicle size, vehicle age, vehicle
ventilation settings, and engine type.

According to a recent Natural Resources Defense Council (NRDC) study (Solomon et.
al., 2002), lack of explicit idling policies is common in Los Angeles area district schools.
However, the ARB has recently approved an airborne toxic control measure (ATCM) that would
limit school bus idling, and idling at or near schools, to only when necessary for safety or
operational concerns (ARB, 2002). The ATCM to limit idling is intended to reduce children’s
exposure to diesel exhaust particulate matter and other Toxic Air Contaminants (TAC) from
heavy-duty motor vehicle exhaust.

2.4  Previous In-Vehicle Studies

In traffic, vehicle occupants are primarily exposed to the exhaust of neighboring vehicles,
particularly those directly ahead of the occupant’s vehicle (Rodes et al., 1998), and in-vehicle
concentrations of CO and fuel-related VOCs have been found to be significantly higher than
those in ambient air (Shikiya et al., 1989; Ptak and Fallon, 1994; Lawryk and Weisel, 1995;
Rodes et al., 1998; Jo and Park, 1999; Alm et al., 1999; Solomon et al., 2001; Wargo et al.,
2002), including in the three studies performed in California (Shikiya et al., 1989; Rodes et al.,
1998; Solomon et al., 2001).




Children typically spend over an hour a day in transit (Phillips et al., 1991) and, as noted,
in-transit microenvironments can exhibit high concentrations of pollutants. For example, for
aromatic VOCs, such as benzene, the in-transit microenvironment is estimated to contribute 10
to 60 percent of a nonsmoker’s total exposure (Chan et al., 1991a,b; Weisel et al., 1992; Lawryk
and Weisel, 1995; Fruin et al., 2001).

In the Rodes et al. (1998) study, for most pollutants 2-hr integrated samples were
collected inside and outside a passenger car, along the roadway where the vehicle traveled, and
at ambient monitoring sites. Pollutants measured included PM;y and PM; 5, metals, and thirteen
VOCs. Continuous measurements were made of fine particles, CO and black carbon (BC). The
driving scenarios were chosen to evaluate in-vehicle pollutant concentrations as a function of
traffic congestion, vehicle type, roadway type, time of day, and ventilation setting.

Rodes et al. (1998) found in-vehicle pollutant concentrations were generally significantly
higher in Los Angeles than in Sacramento, supporting the choice of Los Angeles for the present
school bus study, which sought in part to identify high-end exposures. In general, VOC and CO
concentrations inside or just outside the vehicles were four to ten times higher than those
measured at the roadside or at ambient air stations (Rodes et al., 1998). Interestingly, however,
in-vehicle PM; s concentrations were consistently lower than PM; s concentrations just outside
the vehicles, and in some cases were also lower than roadside concentrations. PM;s
concentrations inside or just outside the vehicles, however, were usually higher than
concentrations measured at the nearest ambient site, however.

Also interesting was the finding by these investigators that under their study conditions,
factors such as ventilation settings and vehicle type had little effect on in-vehicle pollutant
concentrations. In contrast, factors such as driving lane (e.g. carpool lane versus right lane),
roadway type, congestion level, and time of day all influenced in-vehicle concentrations. For
example, substantially higher pollutant concentrations were measured in the far right hand lane
compared to the carpool lane and when following high-emitting “lead vehicles.”

Further analysis of the Rodes et al. (1998) data was conducted by Fruin (2003). To
determine which parameters had the most significant impacts on in-vehicle DPM concentrations,
video tapes recorded during the driving commutes were used to create more refined groupings of
the vehicles being followed, (e.g. 2, 3 or 5-axle diesel vehicles and alternate-fuel buses). Other
factors such as exhaust location and following distance of the vehicle ahead were also included
in the analysis. Results of these analyses confirmed the Rodes et. al. (1998) conclusion that
following a diesel-powered vehicle was associated with a significant increase in both black
carbon and fine particle counts. In addition, Fruin (2003) found that exhaust location, following
distance, and sometimes road type also influenced in-vehicle concentrations, while following a
gasoline-powered passenger vehicle or alternate fuel bus had weak or no associations with in-
vehicle DPM concentrations.

An earlier in-vehicle study conducted in California was the pioneering study by Shikiya
et al. (1989). They demonstrated that in-vehicle concentrations of emitted criteria pollutants
such as CO and NOy could be two to four times those measured at fixed site monitors. Of the



remaining studies discussed in the Introduction given above, only those by Ptak and Fallon
(1994), Alm et al. (1999), and Solomon et al. (2001) measured particulate matter.

In the recent study by Solomon et al. (2001), a team of researchers from the Natural
Resources Defense Council and the University of California, Berkeley, investigated the
concentrations of diesel exhaust constituents inside school buses in the Los Angeles area. They
employed continuous measurements of PM; 5 and black carbon concentrations inside four school
buses. For comparison, they also included measurements outside the buses and in a passenger
car traveling ahead of the buses. They found the level of black carbon was higher in the back of
the buses compared to the front. Furthermore, the level of black carbon increased when all
windows were closed, while it decreased with windows open. However, the level of black
carbon in the cabin did not change, or decreased, during idling. Solomon et al. (2001) concluded
the level of black carbon in the back of a school bus with windows closed could be up to four
times higher than in a passenger car ahead of the bus.

In a recent school bus study in Connecticut, Wargo et al. (2002) found concentrations of
black carbon and PM, 5 inside commuting school buses were often 5-10 times higher than rural
background concentrations. They found several important variables affected the concentrations
of pollutants inside school buses, including bus ventilation via windows, bus idling behavior, and
outdoor concentrations on bus routes. They observed the concentrations of black carbon and
PM,s in moving buses were higher when windows were closed compared to when windows
were open. However, mean concentrations of both black carbon and particulates were higher in
idling buses when windows were open. Furthermore, idling buses had higher concentrations of
particles and black carbon than moving buses. They also found concentrations increased when
traveling behind other buses including diesel buses (e.g., caravanning). On the other hand, they
found black carbon and particulate concentrations did not vary by sampling location within their
buses (i.e., front versus rear). They also employed school buses fueled with natural gas in their
study and observed CNG buses emitted 60—98% less black carbon than diesel-powered buses.

Wargo et al. (2002) provided several recommendations for reducing children’s exposure
to diesel exhaust particulate: prohibit bus idling; retrofit with particle traps and catalytic
converters; use ultra-low sulfur fuels; allocate the cleanest buses to the longest route; and limit
ride duration. Solomon et al. (2001) also addressed similar recommendations, including
retrofitting with particle traps, purchasing alternative fuel school buses (e.g., CNG), and keeping
windows open on school buses. The South Coast Air Quality Management District (AQMD) has
approved $10.4 million to install particulate trap filters on nearly 1,500 diesel-powered school
buses in the summer of 2002 (AQMD, 2002).

Of the peer-reviewed articles we found concerning exposures to pollutants in buses where
human subjects were involved, only two specifically concerned school children. Wu et al.
(1998) reported the use of an iridium tracer to determine soot exposure of high school students
commuting to and from school on public diesel transit buses in Baltimore. A portion of the
Baltimore municipal fuel supply was tagged with an iridium tracer and exposure during
commutes was monitored with personal aerosol monitors. Twenty samples were collected over
10 days while four students commuted on regularly scheduled transit buses and a fifth student
commuted by private car. Exposures were greatest for students commuting through the



congested central business district of Baltimore. The tracer was undetectable in samples
collected by the student commuting by car when the windows were closed, but comparable to the
other students (on transit buses) when the car windows were open during the commute.

Wargo et al (2002) outfitted children with personal monitors that measured PM,y, PM; s,
and VOCs. Measurements were made throughout the school day, including time spent traveling
to and from school on diesel school buses. Average personal concentrations of PM,s were
nearly three times higher than average concentrations for outdoor air in that community, while
concentrations measured while the children were riding inside school buses were up to ten times
greater than background.

2.4.1 Related Traffic Exposure Studies

Adams et al. (2001) studied determinants of personal exposure to PM,s in transport
microenvironments in London, UK. Four transport modes, bicycle, bus, car and underground
rail, were involved. Meteorological variables (wind speed, wind direction, precipitation,
temperature, atmospheric pressure and relative humidity), traffic density and route were also
considered. Except for the underground rail, they found wind speed and route were significant
factors determining personal exposure to PM; s, while transport mode was not significant.

Chan and Wu (1993) studied bus commuter and pedestrian exposure to traffic pollution
in Hong Kong. Kinney et al. (2000) measured concentrations of PM; s and elemental carbon on
sidewalks in Harlem, New York City. They selected four monitoring sites ranging from heavily
traveled roadways to a quiet residential sidewalk. PM,; s concentration showed little association
with the proximity to local diesel traffic, while elemental carbon concentration exhibited a strong
spatial gradient across sites, consistent with recent studies by Zhu et al. (2002 a, b). Average
elemental carbon concentration ranged from 1.5 ug/m’ to 6.2 ug/m’ (a four-fold difference
between two sites with the largest contrast in diesel traffic counts).

Gee and Raper (1999) investigated commuter exposure to respirable particles inside
buses in Manchester, England. This study involved using personal sampling pumps installed in
the bus cabs to obtain an estimate of the average commuter exposure to fine particles during
congested commutes. Conceicao et al. (1997) installed a “removal” duct in a commuter bus to
improve ventilation rate and modeled the airflow with a simple, uni-dimensional flow model,
predicting the air exchange rate as a function of the vehicle velocity. Tracer gas experiments
were performed to test the model and the efficacy of the air removal duct. Scheirl and Fruhmann
(1996) measured airborne platinum concentrations in city buses in Munich, Germany.

Several studies in Denmark measured relationships between DNA adducts found in urine
samples from Copenhagen bus drivers and pollutant concentrations in their buses. Loft et al.
(1999) found increased urinary excretion of a biomarker of oxidative DNA damage in urban bus
drivers. Autrup et al. (1999) and Nielson et al. (1996) used selected biomarkers in nonsmoking
Danish bus drivers and postal workers and found significantly higher concentrations of
carcinogen-DNA adducts in bus drivers working in the central part of Copenhagen compared
with rural bus drivers in a control group.



Soll-Johanning et al. (1998) conducted a retrospective cohort study of cancer incidence in
urban bus drivers in Copenhagen covering the period 1900 to 1994 and found an increased risk
of developing several types of cancers, although risk factors other than exposure to air pollutants
during working hours (e.g., smoking) could not be ruled out as causal factors. Fernandez-
Bremauntz and Ashmore (1995a) studied the exposure of commuters to carbon monoxide in a
range of vehicles, including transit buses, and in general found much higher in-vehicle CO
concentrations in Mexico City than those reported for previous studies in the United States. This
study also reported mean in-vehicle CO concentrations were three times higher than fixed-site
monitoring concentrations.

2.5 Objectives
2.5.1 Overall Objectives

The overall objective of this study was to characterize the range of exposures experienced
by children during their school bus commutes, especially in potentially high exposure conditions.
By identifying factors that lead to higher exposure, this study may provide guidance for
minimizing children’s exposures. The results may also facilitate evaluations of the direct health
benefits of alternative fuel types and improved bus emission control technologies.

2.5.2  Specific Objectives

The over-arching specific objective of this project was to obtain measurements of in-bus
and near-bus pollutant concentrations during normal school bus operations across the full range
of anticipated conditions, but with special emphasis on obtaining measurements during
operations expected to lead to realistic high-end exposures. Diesel buses were of highest priority
because they comprise the majority of buses used by California schools.

2.5.2.1 Pilot Study

The specific objectives of the pilot study were to test and verify the feasibility and utility
of the study design and proposed sampling methods prior to the main study, and to gain
experience in all facets of conducting the experiments. Specifically, the pilot study gave us
experience in deploying an extensive array of instruments within the demanding confines of a
bus and a van, and allowed us to evaluate how well the various instruments performed on a
moving platform, as well as the utility of the collected data. Another objective of the pilot study
was to evaluate the relative importance of three microenvironments, commutes, bus stops and
loading/unloading zones to children’s total school bus related exposures.

2.5.2.2 Main Study
The specific objectives of the main study were to obtain measurements that can be used
(in combination with the pilot study data) to address the following questions:
1. What are children’s pollutant exposures during bus transit, especially for those who
spend a large portion of their transit time in high-concentration conditions?
2. How do different bus fuel types (i.e. diesel - and natural gas-powered) affect children’s
exposure?
3. What are the most important factors governing children’s exposure associated with
commuting on school buses?



3.0 PILOT STUDY FINDINGS AND RECOMMENDATIONS

3.1 Introduction

The principal purpose of the pilot study was to prove methods and refine protocols.
Thus, the pilot study was conducted to verify the feasibility of the study design and the utility of
the instruments and sampling methods on a mobile platform. In addition, the pilot study was
designed to provide range-finding measurements of conditions influencing high exposures to
mobile source air pollutants in the context of school bus-related microenvironments. Three
locations identified as potentially high exposure scenarios were explored in the pilot study with
an emphasis on identification of conditions leading to highest exposures. These included
exposures while waiting for the bus at a bus stop near home, while commuting on the bus in
traffic, and/or while waiting at the school bus loading zone for the return ride home. Another
objective was to evaluate the importance of these three microenvironments to children's total
school bus-related exposures.

In the pilot study, we evaluated a single diesel school bus traveling along a single bus
route. A suite of real-time and integrated instruments were used to measure concentrations of
gaseous pollutants and fine particles inside the cabin of the bus while traveling along a
designated route, at a selected bus stop, and in front of a school in the bus loading/unloading
zone. The importance of variables such as location inside the bus cabin, differences between
concentrations inside and immediately outside the bus, and the effect of window position were
also evaluated.

The highest exposures were expected in areas with heavy traffic congestion and during
periods of meteorological stagnation. For this reason, the pilot study was conducted in the
service area of the Los Angeles Unified School District(LAUSD) in November and December
2001. We used contacts within LAUSD to identify bus-commuting routes and to gain access to
detailed routes and stops. We replicated the characteristic patterns of loading/unloading, bus
stops and commutes observed for a specific bus route for an appropriate school, with emphasis
on conditions where adjacent traffic was greatest, bus idle time was longest, and where children
were waiting for substantial periods of time to be picked up.

3.2 Summary of Pilot Study Findings
3.2.1 Exposure in Three School Bus Commute Microenvironments

As discussed extensively in the Pilot Study Final Report (Fitz et al., 2002), three
microenvironments were investigated concerning children's pollutant exposure due to school
bus-related activities. "Bus commutes" refers to measurements made using the bus as a platform
for the various instruments. For this type of run a typical route transporting children from the
inner city to BSMS (and vice versa) was followed. "Bus stops" refers to sampling at one of the
stops along the selected route. Generally, bus stops may be near children’s residences or often,
for reasons of safety and efficiency, at a nearby school. An instrumented van was parked in front
of Vermont Elementary School at the corner of Vermont Avenue and 97" Street, where diesel
buses arrived to pick up students traveling to other schools (morning) or to drop off student
coming from other schools (afternoon). In addition, a large number of parents dropped off or
picked up children at this "bus stop” using their personal vehicles.




"Loading/unloading" runs involved measurements with a sampling van parked next to the
sidewalk of BSMS, in a portion of the staff parking lot, about five feet from the curb and near the
location where children congregated briefly when leaving or boarding the buses. Typically each
morning and afternoon, nineteen school buses lined up along this sidewalk to unload or load
children, respectively.

After analyzing the pollutant concentrations measured in the pilot study, as well as the
time spent by children in these three microenvironments, we concluded the relative importance
of commutes versus stops versus loading/unloading zones was quite different. To better
understand and quantify these differences, we estimated pollutant-specific exposure factors for
the three microenvironments, defined as the product of the average concentration for a specific
pollutant times the time spent by children in the particular microenvironment. Finally, we
calculated the average ratios of exposure factors for each pair of microenvironments for each
pollutant. The average over all pollutants was taken to be a reasonably quantitative measure of
how important one microenvironment was in relation to the other two.

Table 3.2.1 summarizes the results for the calculation of exposure factors, exposure
ratios, and exposure ratios averaged for the set of analyzed pollutants. Note the estimated
average exposure ratio for bus commutes versus bus stops was 35. This indicates the
contribution of the bus stop was about 3% of that observed for bus commutes. Similarly, the
estimated average exposure ratio for bus commutes versu the loading/unloading zone was 90.
Thus, the exposure contribution of the loading/unloading zone was only approximately 1% of
that observed for bus commutes.

From these results we concluded the loading/unloading zone microenvironment was not
as important in terms of exposure as the other two microenvironments. There are two principal
reasons for this. First, we observed that children generally spend a very short time on the
sidewalk (typically as little as a minute, but on occasion as much as five minutes) before
boarding the buses in the afternoon, or before entering the school in the morning. Second, bus
drivers were required by school district policy to turn off their engines as soon as they arrived in
the morning, before the children leave the bus. Similarly, in the afternoon, drivers were
instructed to not turn on their engines before all children were aboard the buses and the entire
fleet was prepared to depart. During the pilot study we observed nearly 100% compliance with
these regulations (although we have anecdotal information from a BSMS teacher that this policy
was not always rigorously enforced--J. Fogel, private communication. 2002).

3.2.2  Conditions [eading to Highest Exposures Inside the Bus Cabin

During the pilot study, conditions associated with the highest pollutant concentrations
inside the bus were proximity to another diesel vehicle, idling (either at bus stops or traffic lights,
or due to traffic congestion) and closed windows. Also, the difference between pollutant
concentrations inside the bus while traveling on the freeway versus surface streets was not found
to be significant during the pilot study. However, this may have been due to the experimental
design, which involved alternating between open and closed windows during the course of each
run. Windows were typically more often open on the freeway portion of the run and more often
closed while traveling on surface streets. Because opening windows was found to reduce
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Table 3.2.1 Calculated exposure factors for three school bus commute-related microenvironments.

Approximate Average Concentration

Exposure Factor™

'Between 0.3 and 0.5 um diameter

*Defined as the product of average concentration and time, in minutes, spent in that particular microenvironment

3Average time spent on bus runs was 100 minutes. Upper limit to time spent at bus stops was 5 minutes (approximate values)

*Defined as the ratio of exposure factor for bus routes to exposure factor for bus stops

*Defined as the ratio of exposure factor for bus routes to exposure factor for loading/unloading zones

11

Bus Stop Loading/Unloading | Bus Routes Bus Stop Loading/Unloading| Bus Routes | Exposure Ratio A* | Exposure Ratio B’

BC (mg/m’) 4 2 14 20 10 1400 70 140

PAH (ug/m’) 65 15 100 325 75 10000 31 133
NO, (ppb) 45 35 55 225 175 5500 24 31

VOC (ppb) 120 70 175 600 350 17500 29 50

CO (ppm) 3 1 3 15 5 300 20 60
Particle Counts (#/cm’)’ 30 8 43 150 40 4300 29 108
PM-2.5 (ug/m3) 35 13 56 175 65 5600 32 86
Average Exposure Ratio: 35 90




concentrations inside the bus, differences in pollutant concentrations while traveling on freeways
versus surface streets may have been obscured during the pilot study.

33 Modifications of Experimental Design for Main Study
3.3.1 Relative Importance of School Bus Commute Microenvironments

As discussed above, in the pilot study, concentrations observed during bus commutes
were significantly higher than those at bus stops or at the loading/unloading zone. In addition,
we observed the time children spent in these microenvironments was substantially different,
typically a few minutes at the bus stop or loading/unloading zone versus up to 100 minutes for
bus commutes each way. We concluded bus commutes were the most important
microenvironment in terms of exposure, and recommended the main study focus primarily on
that microenvironment. However, while we found no justification for expending additional
resources in further characterization of loading/unloading zones, we determined a limited
number of additional measurements at an additional bus stop during the main study would allow
us to better define potential exposures associated with this microenvironment since sporadic and
short-lived high concentrations were sometimes observed due to the arrival and departure of
other buses.

Specifically, although we found the bus stop contribution to exposure was minor
compared with the bus runs (about 3%), additional runs were recommended in part because a
fairly high emitting bus was used in the pilot study. A less polluting bus may exhibit lower
average exposure ratios, leading to a greater contribution from bus stops to total exposure.

A second reason for a limited number of additional bus stop runs was that in the pilot
study we observed the highest values for fine particle counts in the 0.18 um size range during the
bus stop measurements. This was due in part to the use of the Vermont Avenue School as a bus
stop by a number of schools other than BSMS. We observed in the neighborhoods in which our
pilot study took place almost all the bus stops have been placed at schools (presumably in part
out of safety considerations for the children). Thus, a substantial number of buses may stop to
pick up students, destined for a variety of different schools. For example, during our monitoring
periods at the Vermont Avenue School bus stop at various times as many as half a dozen buses
would pull up in front of the school (adjacent to our instrumented van) and wait with the engine
idling until children boarded. In some cases buses were early and waited with their engines
idling for several minutes, while students waiting for other buses stood nearby. Buses would
then accelerate away from the curb, often releasing an exhaust cloud of black smoke. Several of
the highest fine particle counts we observed occurred at such times. Similarly, parents driving
children to and from the Vermont Elementary School, in some cases in "gross emitter" vehicles
(as documented in our field-notebooks), contributed to the sporadic occurrence of high particle
counts.

3.3.2 Precision Data

Paired instrument data were important in determining the reliability, and precision of the
deployed instruments. The lack of adequate precision estimates for a number of the instruments
from the pilot study data (due to insufficient pollutant concentrations) made it difficult in some
cases to interpret differences observed in pollutant concentrations between the front and back of
the bus, and between inside and outside the bus, with a high level of confidence. The relatively
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unpolluted background conditions in West Los Angeles, where all but the NO, precision data
were collected, often resulted in measured pollutant concentrations that were not sufficiently
above the detection limit. One recommendation for the main study was to perform precision
measurements in a location where background concentrations for many of these pollutants would
be expected to be sufficiently higher than the detection limit. In addition, the importance of
collecting sufficient precision data before and after runs to establish comparability of
measurements from pairs of instruments was emphasized.

3.3.3 Gradient Tests

Based on analysis of the pilot study data, we recommended simultaneous measurements
inside and immediately outside the bus continue during the main study. The results from the
pilot study indicated children were exposed to higher pollutant concentrations on the bus
compared with outside, emphasizing the importance of the school bus microenvironment to
children's total exposure.

Although the pilot study found few differences between concentrations at the front and
rear of the bus cabin, our recommendation for the main study was to continue front and rear
sampling in a limited number of cleaner buses to better determine if there was a concentration
gradient between the front and rear of school bus cabins across different bus and fuel types.

3.3.4 Conditions [.eading to Highest Concentrations Inside the Bus Cabin

The data from the pilot study concerning window position were complex and
inconclusive regarding the importance of this variable to children’s exposure. We recommended
further assessment of this variable in the main study to obtain a more robust data set.

In addition, although the influence of the bus's own exhaust was not directly measured
during the pilot study, the importance of this variable in estimating children's exposure during
bus commutes was potentially high. For the main study, we recommended the use of an SFg
tracer added to the bus exhaust as a means to evaluate the importance of a bus’ own exhaust in
children’s exposure during bus commutes. We also recommended a snap and idle test for each
bus for the same reason.

3.3.5 Routes

Based on the pilot study results, we elected to use the same urban route for the majority
of commute runs, except that the route began and ended at the fifth bus stop. This shortened the
route to about one hour duration, which was judged optimum to meet the pollutant sampling
objectives of the main study while maintaining the diversity of roadway types and congestion
scenarios.

3.3.6 Summary of Pilot Study Findings

The pilot study demonstrated the proposed instrumentation and measurements were
feasible on a moving platform such as a school bus and that the proposed routes provided both
high concentration conditions as well as a wide range of concentrations. However, locations of
higher concentrations for the collocated instrument comparisons were needed to ensure adequate
signal-to-noise conditions for direct instrument comparisons. Bus stop and bus loading/
unloading activities were demonstrated to make small contributions to overall commute
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exposures, so further characterizing these particular activities was de-emphasized in the main
study to allow greater resources to be devoted to characterizing the actual drive portion of the
commutes and the differences between buses.
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40 EXPERIMENTAL METHODS AND STUDY DESIGN

4.1 Introduction

In this study, we obtained measurements that were used to determine children’s pollutant
exposures during bus transit, especially for those who spend a large portion of their transit time
in high-concentration conditions. We measured a wide range of gaseous and particulate matter
species inside school buses while traveling along in-use school bus routes. The great majority of
these measurements were made using sophisticated real-time instruments, and successfully
operating these instruments on mobile platforms was a major experimental challenge.

A total of 36 runs were completed, including six runs on a simulated rural/suburban
route, 20 runs on an in-use urban route, four runs on a second in-use urban route, three window
position tests, and two measurement periods at a bus stop along the primary urban route. Seven
different buses were used, including three high emitting diesel buses, two typical diesel buses,
one particle trap-outfitted diesel bus, and one CNG bus. The data collected were used to
determine the most important factors governing children’s exposure associated with commuting
on school buses. All data collected during this study will be submitted to the ARB for future
additional analyses.

4.1.1 Characterization and Justification for the Selected Buses

The primary criterion for selecting buses for testing was that they be representative of the
school bus fleet used in California with regard to age, mileage, and manufacturer, and include
several older, dirtier buses for testing worst-case conditions. Toward this goal, we included the
testing of three buses representative of high exhaust emissions. To evaluate state-of-the-art
control technology, we evaluated exposures on-board a newer-model bus equipped with a
particle trap catalyst. Finally, in order to compare children’s exposure during bus commutes for
different bus fuel types, we included a CNG-fueled bus. A decision was also made to use buses
that were in current use transporting children to school. However, the extensive suite of
instruments employed in this study, the batteries needed to power them, and the researchers
needed to operate them occupied almost the entire working and seating area inside the bus.
Because of this, and for safety reasons, no children were aboard any of the buses in this study.
We note the batteries and equipment served as approximate proxies for the children’s weight
corresponding to a fully occupied bus.

Figure 4.1.1.1 shows the distribution by model year of school buses in California. These
data are from the California Department of Motor Vehicles 1998 vehicle registration database.
From this table, we see most buses in use were 1985 model year or newer. Table 4.1.1.1 gives
the distribution by bus make and use in 1998 in southern California (Los Angeles, Riverside,
Orange and San Bernardino counties). Crown buses have not been sold since approximately
1994, and International made chasses for Thomas. Based on informal surveys with bus
operators, Thomas appeared to be the dominant seller in southern California. Except for a few
older gasoline buses, almost all school buses in the 1998 fleet had diesel-powered engines.

Selection of buses also depended on the difficulty in securing them. The major lease
operators were unwilling to cooperate with us for this study, due to a perceived risk of adverse
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Figure 4.1.1.1 California statewide distribution of school buses by model year.

Table 4.1.1.1 Distribution of buses in southern California by manufacturer.

Make Number % Total
Bluebird 1103 14.9
Carpenter 93 1.3
Collins 937 12.6
CROWN 1416 19.1
Gillig 576 7.8
Goshen 5 0.1
International 1731 23.3
Superior 3 0
Thomas 1464 19.7
Ward 26 0.4
Wayne 60 0.8
Total 7414 100

publicity based on the experience with a study by the Natural Resources Defense Council, which
generated negative publicity concerning diesel school bus pollution (Solomon, 2001). These
leasing companies also tended to have fleets composed primarily of relatively new buses.
Because of these issues, we felt more appropriate sources for school buses were individual
school districts. However, we found that many districts were also unwilling to participate for the
same reason as the leasing companies (i.e., perceived risk of negative publicity).
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Despite these problems, we were able to find two local districts willing to participate in
our study by providing buses from their in-use fleet of approximately 150 buses. Although the
number of buses was limited, these districts had a wide variety of buses in terms of age and
make, and had a small number of CNG buses as well. A final selection constraint was that the
buses be large enough to carry all of the test equipment. Most of the larger buses were 10-14
rows, which was sufficient. The smaller buses tended to be van-based with 3-4 rows. These
were too small for our equipment and not representative since school districts tend to have only a
small number of these for special purposes in any case.

Table 4.1.1.2 lists the buses selected for testing. As noted earlier, the primary criterion
for selecting buses for testing was that they be representative of the school bus fleet used in
California. Two buses were selected to meet this criterion. The first, representative diesel
school bus number one (RE1) was a 1998 Thomas Saf-T-Liner, while the second, representative
diesel school bus number two (RE2) was a 1993 Thomas Saf-T-Liner. The three buses selected
to be representative of high exhaust emissions were expected to have relatively high emissions
based on their age and in the opinion of bus service personnel. These buses included high
emitter diesel school bus number one (HE1), a 1985 Thomas Coach; high emitter diesel school
bus number two (HE2), a 1985 Crown Supercoach, and high emitter diesel school bus number
three (HE3), a 1975 Crown Supercoach. This last bus also satisfied ARB’s interest in testing a
pre-1977 bus. Throughout this report, we refer to the two representative diesel buses (RE1 and
RE2) and the three high emitter diesel buses (HE1, HE2 and HE3) as “conventional” diesel
buses. We are using this term to refer to buses powered by typical diesel engines, which have
not been modified in any way to reduce emissions beyond standard practices and as required by
current regulations. We are not using the term “conventional” in the sense of meaning the
engine is in the front of the bus, although this designation is an industry practice.

To test a diesel bus equipped with a particle trap catalyst, we selected a 1998 Thomas
Saf-T-Liner equipped with a Johnson Matthey Continuously Regenerating Technology (CRT®)
particulate filter (trap-outfitted diesel school bus number one, TO1). The particle trap combined
a platinum catalyst and a filter element to “trap” particulate matter, and operated as a passive
emissions control system. Finally, in order to compare children’s exposure during bus commutes
for a different bus fuel type, we tested a 2002 Thomas Saf-T-Liner Compressed Natural Gas
school bus (CNG). Photograph 1 shows two of the buses employed in the main study.

Snap and idle opacity tests were performed on all buses. In this test the opacity of the
exhaust was measured while the engine was brought from idle to its governed maximum rpm by
immediately applying full throttle. The monitoring device recorded the maximum opacity. This
test was performed a minimum of three consecutive times and the results were within 5% for a
valid test. These results are also shown in Table 4.1.1.2. As expected, the 1985 Crown
Supercoach (HE2), which was identified by maintenance personnel as the “smokiest” in their
fleet, clearly gave the highest value. It should be noted that it was difficult to conduct a snap and
idle test for the CNG bus because the relatively high fraction of water in the exhaust compared to
a diesel bus resulted in fogging of the optics in the test device, and inconsistent, but low,
measurements resulted.
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Table 4.1.1.2 School buses selected for testing.

Bus Number |Bus Type| Year Make Model Rows Engine Mileage|Displacement|Snap/Idle| Cycles

854 HEI 1985 | Thomas | Coach 14 Cat 3208 293000; 104 L. 8% 4
851 HE2 1985 | Crown |Supercoach| 15 Detroit Diesel 671 315000 6L. 57% 2
752 HE3 1975 | Crown |Supercoach 15 Cummins 290 316000 6L. 18% 2
986 RE1 1998 | Thomas |Saf-T-Liner 14  |Cummins 250 HP 8.3|111000 83 L. 2% 4
921 RE2 1993 | Thomas |Saf-T-Liner| 13 Cat 3116 177000 6.6 L. 11% 4
982 TO1 1998 | Thomas |Saf-T-Liner| 14  |Cummins 250 HP 8.3| 78000 8.3 L. 1% 4

8 CNG 2002 | Thomas |Saf-T-Liner 14 John Deere 8.1 1000 8.1L. N/A' 4

'Snap and idle tests not possible due to too much water vapor.
HE1 — HE3: High emitter conventional diesel school buses.

RE1 — RE2: Representative conventional diesel school buses.
TO1: Particle-Trap outfitted diesel school bus.

CNG: Compressed natural gas school bus.
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(b)

Photograph 1. a) High emitter conventional diesel test bus parked at UCLA
b) CNG Bus parked in front of a bus stop during an afternoon run

4.1.1.1 Fuel Used in the Test Buses

The fuel used in all diesel buses we tested was Arco Emission Control Diesel (ECD-1).
This fuel, also sometimes called “green” diesel, has ultra-low sulfur content (<15ppm), low
aromatics, and a high cetane number. Ultra-low sulfur fuel must be used for after-treatment
emissions control technologies (e.g. particle trap catalyst) to function properly. However, we
used this “green” diesel on all the diesel buses we tested, with or without a particle trap catalyst.

4.1.2 Field Sampling Procedures

In each bus tested, two identical sets of instruments used to measure a variety of gaseous
and PM species were mounted inside the bus cabin. One set was used to measure concentrations
in the rear of the bus cabin, while the second set was used to measure concentrations either at the
front of the bus cabin, or just outside the bus. Measurements were taken while the bus traveled
along one of three designated school bus routes (described in Section 4.1.6). Each bus run lasted
approximately one hour. A summary of the measurement methods used for this study is
presented in Table 4.1.2.1. The instrumentation included both real-time and integrated
measurements. Although two sets of instruments were in each bus, the majority of the analyses
in this report (including the comparison between bus types) were done using the data from a
single set of instruments, located at the rear of the bus cabin.

4.1.2.1 Instrument Packaging and Power Supply

Figure 4.1.2.1 presents the plumbing diagram for the sampling equipment inside each
bus. The instruments were mounted onto three plywood platform with elastic cords. In order to
minimize the effects of vibration, foam pads were placed between the instruments and the
plywood. Instruments that sampled from the front of the bus, or outside the bus, depending on
the run, were mounted on one platform and instruments that sampled from the rear of the bus
were placed on a second platform. The data logging portable computer (PC), gaseous analyzer
calibration
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Table 4.1.2.1 Measurement parameters and methods used in the main study.

* Suppl9 149.81996 Tm(Bat6.63202 78 123.05997 Tm(e)Tj10.02 0 0 10122 174610983 123.05997 d(* )Tj10.02 0 0 10128.56651

Code | Species/Parameter Instrument Detection Flow Rate, | Amps
Limit L/min 110v
a PM, s Integrated Mass Custom/Harvard Impactor 5 pg/m’** 20.0 *
b PM, 5 Real-Time Mass TSI Dust Trak 1 pg/m’ 1.7 0.1
c PM, Integrated Mass Custom/Harvard Impactor 5 pg/m’** 20.0 *
d PM,, Real-Time Mass TSI Dust Trak 1 pg/m’ 1.7 0.1
e Fine Particle Counts Climet Spectro .3 OPC Single particle 5.0 0.1
f Ultra-Fine Particle Counts | CE-CERT SEMS Single particle 55 5
g Elemental Carbon Magee Aethalometer 1 pg/m’ 5.0 0.1
i Gaseous HC (Total and Gas Chromatographic . . *
Speciated) Methods Varies Varies
Internal
] CO Langan electrochemical cell 2 ppm Passive Battery
Dasibi 3003 1 ppm 2 lpm 1.0
CE-CERT NO,/PAN Luminal 1 oob
k NO, GC PP 1.0
1 ppb
TEI 42 NO/NO,/NO, - 2.0
m Aldehydes & Ketones DNPH collection/HPLC *
. 1 ppb 0.8
analysis
n Particle PAH EcoChem PAS 2000 3 ng/m’ 4 0.25
. . o NA
0 Temp, RH (in-bus) Rotronics MP101A 2.0°C, 5% 0.1
p Location and Speed Garmin GPS Map76 2-5m NA 0.1
q SFs AeroVironment CTA 1000 0.010 ppb 0.1 2
Internal
r Traffic Documentation Sony CXC-390 Video Camera NA NA Battery
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Figure 4.1.2.1 Plumbing schematic for school bus sampling instrumentation.
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system and the instruments that were part of the “switching system” that monitored from the
front, back and outside were mounted onto a third platform in the middle of the bus cabin. In
this way the platforms were easily installed in the buses. The platforms were installed over the
seat backs of the buses and tied down with ratcheting straps. All three platforms were mounted
along the right side of the bus (facing forwards). The total flow rate for all samplers and the
bypass for the isokinetic probe on the buses was about 150 L/min.

A trailer mounted North Star 13000 PPG propane-powered generator with an oxidation
catalyst was used to supply AC power for the instruments during the first week of the main
study. A hitch was installed at the back of the bus for the generator trailer. The decision was
made in the main study to convert to the use of on-board batteries and invertors for all
subsequent buses (Runs 4-36) in order to eliminate the noise, complexities and potential
pollution from towing a generator behind the bus.

As discussed in more detail in Section 5.3, because of various difficulties and
confounders encountered during the runs with the propane generator, the data for bus HE1 were
not included in the majority of comparisons between buses.

The onboard inverter and battery system was a 7kVA (kilovolt Amp) Best Power
uninterruptible power supply (UPS), but used only for its “inverter” capabilities on this program.
Thirty-six deep cycle marine batteries were used for inverter input. Thirty-two of the batteries
powered the UPS directly while the remaining four batteries were used to power four DC-
powered vacuum pumps. The 200 Kg UPS was placed on the floor of the bus next to a side
emergency exit. (One row of seats needed to be removed from most buses to make room for the
UPS.) Nine wooden crates with four batteries each were placed in nine seats along the left side
of the bus. Conventional “ground power” was used to power the instrumentation onboard the
buses when the buses were “parked” at UCLA and CE-CERT.

4.1.2.2 Data Collection

A schematic of the data logging design is presented in Figure 4.1.2.2. Instruments that
internally logged data were downloaded via a PC. The clocks for all of these instruments were
synchronized at the beginning of each run using the GPS time as a reference. All of the other
instruments had either analog or digital inputs that were connected to a PC that collected data
using LabVIEW®™ software. The data logging and control PC polled and logged data from all
instruments once per second (except for the electrochemical cell CO analyzers and portable PID
organic compound analyzers which internally logged data). All data were downloaded and
backed up from the data logging and control PC, the electrochemical cell CO and organic
compound analyzers on a daily basis. For data analysis, we obtained the ten-second median
from our one-second data for all real-time instruments. This level of resolution was justified as
we observed rapid instrument response to changes in concentrations inside the bus on the order
of seconds.

4.1.2.2.1 Checkout and Installation of Instruments

Concurrent with the procurement and preparation of the school buses, the measurement
instruments were assembled, configured, and tested at the CE-CERT laboratory. This assembly
task included all necessary calibration and data logging equipment. The instruments were also
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Figure 4.1.2.2 Data logging design inside school bus platform.
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tested for proper operation and proper interfacing with their respective calibration systems and
the data-logging and control computer.

Several shakedown runs of the measurement systems in the school bus were performed at
the CE-CERT facility and in the Riverside area in order to assure proper operation of the
instruments while in motion. During these shakedown runs tracer test was performed in the bus
in order to measure the ventilation rates within the bus under different operating conditions.

4.1.2.2.2 Sample Probe Positions

The following descriptions apply to all of the buses employed in the main study.
Sampling inside the bus primarily took place at two fixed locations at the front and rear of the
cabin. The equipment at the rear of the cabin always measured concentrations at the rear of the
cabin. However the equipment at the front of the cabin measured concentration at the front of
the cabin during 20 runs, and just outside the cabin (with the addition of longer sampling lines
with the inlets placed outside the bus as described below) during 15 runs. The sampling probes
were positioned to sample at the height of the breathing zone of a child seated in the bus. Large
diameter inlets were used for the interior sampling probes in order to minimize velocity changes
and particle losses. Sampling outside the bus while in motion was performed using a specially
fabricated isokinetic probe. Separate sampling systems were used for the gaseous and particulate
matter (PM) sampling trains.

The instruments were placed on platforms, consisting of three plywood sheets, which
were strapped to the tops of the bus seats along the right side of each bus (see Photograph 2).
The tops of the seats were approximately one meter above the bus floor. The sample inlets for
the gaseous and particulate samplers were located on top of the instrument platforms, such that

(a) (b)

Photograph 2. a) Array of instruments inside a test bus
b) Preparing the instruments before an afternoon run

24



the inlet heights were approximately 1.3 and 1.1 meters, respectively, above the bus floor. When
sampling the air outside the bus, the instruments at the front of the bus were used, and the
sampling probes were located at the base of the right side exterior driver’s mirror, approximately
2.5 meters above the ground.

Gaseous samples were drawn from outside, and from the front and rear of the bus, using a
variety of inlets, depending on the instrument. The PID organic vapor analyzers and
electrochemical cell CO analyzers located on top of the sampling platforms at the front and rear
of the bus sampled directly from their inlets located on each instrument. The Tedlar bag
samplers at the front and rear of the bus had their own one meter long sample lines (0.08 cm
inner diameter (ID), PFA Teflon) placed at a height of about 1.3 meters above the floor of the
bus. The Tenax and DNPH cartridge samplers drew their air from three common sample lines
(outside, and inside front and rear) through Teflon particulate matter filters and then through 0.65
cm inner diameter PFA tubing to a manifold where air was directed to each of the instruments
through a series of T-fittings. The NO, GC’s, GFC CO, TEI NO/NO»/NOy and SF¢ analyzers
also drew their air through those sample lines. However for these instruments, the manifold had
sample lines connected to three-way solenoids, which rotated the sample path from outside the
bus, to the front of the bus, then to the rear of the bus. The sample was drawn from each location
for four minutes. This cycle repeated every 12 minutes. This was done to accommodate the
sampling requirements for the SF¢ tracer gas analyzer. All sample inlets for those instruments
attached to the switching manifold were located approximately 1.3 meters above the floor of the
bus (front and rear), or 2 meters above the ground (outside).

PM sampling equipment was located at the front and rear of the bus. The equipment
located at the rear of the bus was used to sample air from inside the bus near the rear only.
Equipment located near the front of the bus alternated (depending on sampling requirements for
specific tests) between sampling PM from inside the bus near the front and from outside the bus.
The inlets for the PM sampling equipment located at the front of the bus all drew their samples
from a common manifold.

For sampling outside the bus, a specially designed isokinetic probe was used (Figure
4.1.2.3). The air entered a 1 cm ID copper tube approximately one meter long. The inlet
protruded out the front right window of the bus about 0.2 meters (see Photograph 3). The inlet
was filed to a knife-edge and pointed directly forward to sample into the wind with minimum
particle loss as the bus traveled down the road. The air flow rate was set to provide isokinetic
sampling at a nominal bus speed of 20 m/s (40 mph). After the air passed through the inlet tube,
it entered a 13 cm long section of tubing, 4 cm in diameter, and then passed into a 45 cm long “t-
section” where additional bypass air, drawn to maintain isokinetic conditions, was removed.
Sample air exited the “t-section” through a 23 cm long section of 4 cm diameter tubing into a 13
cm long by 10 cm diameter “stilling chamber” which had seven outlet ports. Two of the outlet
ports were approximately 30 cm long, 1 cm ID copper tubing which ran from the stilling
chamber to the Harvard Impactors. One of the outlet ports had 0.6 cm ID “nonstatic” plastic
tubing (approximately 1 meter long) running to the front Aethalometer. The four remaining
outlet ports had 0.4 cm ID “nonstatic” plastic tubing (each approximately one meter long)
running form the stilling chamber to the DustTrak, OPC and PAH instruments. A tap on the side
of the stilling chamber ran to a transducer used to monitor the pressure in the stilling chamber.
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When the front system was used to sample air from inside the bus, the copper tube was
removed from the system, allowing air to enter directly into the 4 cm diameter section and the
bypass flow was turned off.

Outside Ins
thecabin <+ T3hla K~

Inlet (outside sampling) Cylindrical Filter
> —
To
.::::::\::::::::::: /:; Particle
/ ] =————— L= Samplers
— : ——§=> and
~1meterlong,lch.D. == ===Z===Z=========3 \==>:> Analyzers
copper tube used as inlet
for “outside sampling” |_ U
To
3 c¢cm L.D. copper tube Bypass Vacuum
used as inlet for “front- Flow Sensors

inside” sampling

Figure 4.1.2.3  Sampling system (including the isokinetic inlet) used at the front of the bus to
sample inside and outside aerosol.

Photograph 3. Inlet of the sampling line for outside measurements of gaseous species.

The rear PM instruments all drew air from a common location next to the rear gaseous
sample inlets. No additional lines or inlets were used for the Harvard Impactor filer samplers. A
0.5 meter long, 0.6 cm ID nonstatic plastic tube ran from the common sampling location to the
Aecthalometer. Lengths of 0.4 cm ID nonstatic tubing between 0.5 and 1 m long ran from the
common sampling location to the DustTrak, OPC, PAH and SMPS instruments. Table 4.1.2.2
summarizes the total length of the sampling lines used with these instruments. For the majority
of our analyses, we focused on the rear instruments. PM2.5, black carbon, fine particle counts
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and PAH (the particulate species we analyzed for this report), had sampling lines in the rear of 0,
0.5, 0.7 and 1.2 meters, respectively. See section 5.1.4 for a discussion of potential sampling line
losses for particulate species measured in this study.

In the main study, bus stop measurements were conducted using an equipped bus parked
at the bus stop. The sampling inlets for these measurements were located about 1.5 meters above

the ground.

Table 4.1.2.2 Length of sampling lines

Sampling line length (meters)
Instrument Rear Front/inside Front/outside?

Harvard Impactor - PM10 0! 0 3
Harvard Impactor - PM2.5 0 0 3
DustTrak - PM10 1.6 0.3 3
DustTrak - PM2.5 1.5 0.2 3
OPC 0.7 1 3.7
Aethelometer 0.5 1 1
PAH Analyzer 1.2 1 3.7

"Harvard Impactors were used with an open face inlet (no sampling line or adapter) for several experiments.

4.1.2.3 Instrumentation
4.1.2.3.1 Integrated PM,o.and PM, s Mass Concentration

Filter samples were collected using custom sampling systems designed for portable use.
The inlets were of the Harvard design (Turner et al., 2000), which have been shown to have
effective cuts at 2.5 and 10 pm while sampling at 20 L/min. The flow rates were controlled by a
needle valve and measured with a rotameter and calibrated against a volumetric flow rate sensor.
The samples were collected on 37 mm Gelman Teflon filters with a 2.0 pm pore size. A Cahn
Model 34 microbalance at the CE-CERT laboratory was used to determine the weight of the
filters to within £2 pg before and after sampling. All filters were equilibrated at 23°C and 40%
RH for at least 24 hours prior to weighing. Filters were weighed a minimum of three times
before and after sample collection. If all three weighings were not constant to within 3 pg, the
filters were reweighed until they were.

4.1.2.3.2 Real-Time PM,, and PM, s Mass Concentration

Real-time PM;( and PM, s measurements were made using Thermo Systems Inc. Model
8520 DustTrak Aerosol Monitors. Impactors were used to perform the necessary size cuts. The
PM concentration that made it past the impactor was then determined by measuring the intensity
of the 90° scattering of light from a laser diode. The instrument sample flow rate was 1.7 L/min.
The averaging time was adjustable from 1 to 60 seconds, and an averaging time of one-second
was used. The instruments were calibrated at the factory with Arizona road dust (NIST SRM
8632). Collocated sampling was performed each week to insure comparability.

Throughout this report, all PM2.5 data are from the Harvard Impactor integrated samples
unless stated otherwise (i.e., as data from the DustTrak instruments).
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4.1.2.3.3 Real-Time Particle Counts
4.1.2.3.3.1 Optical Particle Counter

Climet Spectro .3 Optical Particle Counters were used for particle count concentration
measurements in sixteen size bins from 0.3 to 10 pm. Only the size range between 0.3 — 0.5 pm
was used for data analysis in this report. This size range was selected because the highest
number concentrations are found in the smaller size bins. Thus, this size range represents the
majority of fine particle counts, while simplifying the analysis to just two size bins. Sample air
was drawn through a laser beam inside the analyzer where particulate matter passes through the
beam one particle at a time. As a particle passes through the beam it scatters light roughly in
proportion to particle size. Optical detectors detect the scattered light and send an electrical
signal proportional to the scattered light to the digital signal processor (DSP). The DSP performs
a pulse height analysis of the signal to determine the size of the particle. The DSP then sends the
particle size results to one of sixteen counters (‘“size bins”) where the total number of particles in
the size bins were accumulated. The instruments flow rates were set at 1.0 L/min. The
instruments counting periods were set to fifteen seconds with a ten second “wait” period prior to
starting a new counting period.

4.1.2.3.3.2 SEMS

A CE-CERT Scanning Electrical Mobility Spectrometer (SEMS) was used to measure
particles in the range of 0.03 pm to 0.8 pm electrical mobility diameter. The instrument
consisted of three major components: a Thermo Systems Inc. (TSI) model 3077 ¥*Kr neutralizer
which generates a known charge distribution on the aerosol; a TSI model 3081 differential
mobility analyzer long column which selects for particle sizes based on the voltage applied and
the particles’ electrical mobility; and a TSI model 3760A condensation particle counter used to
detect particles. The analyzer’s four gas flows were calibrated at CE-CERT using a primary
flow calibrator and the particle size was calibrated using aerosolized polystyrene latex spheres.
The analyzer operated in a ten-minute cycle mode. It spent the first 75 seconds of each cycle
scanning the 0.03 to 0.8 pm size range in seventy-five, one-second-long increments. It then
spent the next 525 seconds fixed (“fixed period”) on a single particle size that was expected to be
the best indicator of the presence of diesel exhaust particulate matter. For all runs except the last
run, the fixed-period particle diameter was 180 nm. For the last run, the fixed-period particle
size was 50 nm. The instrument output particle count data were output and processed at a once
per second rate.

4.1.2.3.4 Real-Time Black Carbon

The black carbon concentrations were measured using Magee Scientific Aethalometers.
These instruments drew sample air through a 0.5 cm” spot on a quartz fiber filter tape. Infrared
light at 880 nm was transmitted through the quartz tape and detected on the back side of the tape
using photodetectors. (One detector sensed the light transmitted through the spot where the air
was drawn through and the second detected light transmitted though an unused section of tape in
order to correct for changes in the light source intensity and changes in the tape characteristics.)
Decreases in the amount of light transmitted through the spot on the quartz tape were
proportional to the amount of elemental carbon and “heavy” organic molecules collected. The
instrument’s response to the change in light transmittance was reported as “black carbon” (BC).
The instrument’s sample flow rate was maintained using mass flow controllers. The
concentration of BC in units of mass of BC per volume of air (e.g. “pg/m’”) was determined by

28



the instrument from the flow rate and change in light transmittance data. When the light
transmittance through the collection spot on the quartz filter had decreased by seventy-five
percent, the quartz tape automatically advanced to a fresh section of filter. Each time the filter
tape automatically advanced, the instrument recalibrated for approximately one minute prior to
restarting sampling.

4.1.2.3.5 Real-Time Particle Phase PAH

EcoChem Model PAS 2000 analyzers were used to measure the concentrations of
particle-bound polycyclic aromatic hydrocarbons (PAH). The instrument utilized the principle of
photoionization of total particle-bound PAH by means of an ultraviolet lamp. The wavelength of
the light was selected such that only the PAH absorbed on aerosols were ionized, while gas
molecules and non-carbon aerosols remained neutral. The aerosol particles that had PAH
molecules adsorbed on the surface emitted electrons, which were subsequently removed when an
electric field was applied. Remaining positively charged particles were collected on a filter inside
an electrometer where the charge was measured. The resulting electric current established a signal
which was proportional to the concentration of total particle-bound PAH. The lower threshold of
this method was about 3 ng/m’ total particle-bound PAH.

The PAH instrument’s full scale was set to read a maximum of 500 ng/m’ in the front,
and 1000 ng/m’ in the rear, during the first 17 runs of this study. These runs included buses
HE1, HE2, HE2, RE1 and RE2 (all diesel buses). Starting with Run 18, and on all subsequent
runs (including TO1 and CNG), the scale was increased to read a maximum of 2000 ng/m’ for
both front and rear instruments. The implications of this change for our inter-bus comparisons of
PAH concentrations are discussed in Section 5.3.3.

The location of the Aethalometer, particle count analyzer, PAH analyzer and the Harvard
Impactors in a test bus with associated power cables and sampling lines is shown in Photograph

Photograph 4. a) Data and power cables and sampling lines
b) Aethalometer, PC analyzer, PAH analyzer, and Harvard Impactors
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4.1.2.3.6 Gaseous Hydrocarbons

A multifaceted approach using both rapid response “survey” real-time monitors and
integrated sample collection followed by subsequent laboratory analysis was used. This allowed
for full characterization of the gaseous hydrocarbons by “time-consuming” (but highly sensitive)
laboratory chromatographic methods and the rapid response of a real time analyzer that could
characterize short episodes of high concentrations.

4.1.2.3.6.1 Tenax Cartridges

Samples for aromatic hydrocarbons (benzene, toluene, and xylenes) were collected on a
Tenax cartridge and analyzed by GC analysis, per the U.S. EPA TO-1 Method (U.S. EPA, 1988).
The cartridges contained 0.1 gm of Tenax. The maximum target sample volume for these
cartridges had been determined to be at least 3.0 liters before benzene breakthrough would occur;
with the other aromatics having a longer retention time. The sample flow rate was set to 40
cc/min in order to stay well below the breakthrough volume for the study’s projected 60 minute
sample periods. A Hewlett Packard HP5890 II gas chromatograph with a thermal desorber,
capillary column and flame ionization detector (FID) was used for the analysis

4.1.2.3.6.2 Tedlar Bags

Samples for 1,3-butadiene were collected in 8L Tedlar bags at a nominal sample flow
rate of 100 cc/min. A potassium iodide (KI) trap was used to remove the ambient O3 before the
sample entered the bag. The samples were hand-carried to the CE-CERT analytical laboratory
for GC analysis after the end of sampling. An aliquot from the bags were drawn through a
sample loop of known volume on the GC. A Hewlett Packard HP5890 II gas chromatograph
with a fixed volume sample loop, capillary column and flame ionization detector (FID) was used
for the analysis.

4.1.2.3.6.3 Portable PID

The total amount of aromatic and other highly conjugated aromatics were continuously
monitored with a pppbRAE Model PGM-7240 portable photo ionization detector. Sample air was
drawn through the instrument’s reaction chamber where it was continuously irradiated with high
energy ultraviolet light. Compounds present that had a lower ionization potential than that of the
irradiation energy (10.6 electron volts) were ionized. The ions formed were collected in an
electrical field, producing an ion current that was proportional to total compound concentration.

4.1.2.3.7  Gaseous Aldehydes and Ketones

The measurement technique used was a variant of U.S. EPA Method TO-11 (U.S. EPA,
1988) for carbonyls in which 2,4-dinitrophenylhydrazine (DNPH) was impregnated on silica
Sep-Pak cartridges. This procedure used C18 Sep-Pak cartridges (Waters/Millipore Corp.,
Milford, MA), which had been impregnated with acidified DNPH reagent for ambient sampling.
The amounts of both the hydrazine and acid were optimized to achieve efficient collection of the
carbonyl compounds and protection from ozone destruction of the captured carbonyl derivative.
When ambient air was drawn through the cartridge at 1 L/min, carbonyls in the air sample were
captured by reacting with DNPH to form hydrazones, which were extracted and then separated
and quantified using HPLC (Fung and Grosjean, 1981). It had been shown that the silica
cartridge when used alone had a significant negative ozone artifact, and that this method
measured carbonyls comparably to the silica method with an ozone removal device.
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The method analyzed samples for nine individual species: formaldehyde, acetaldehyde,
acetone, propanal, crotonaldehyde, methylethylketone, butyraldehyde, benzaldehyde, and m-
tolualdehyde, plus Cs, Cs and >Cs aliphatic carbonyls. Aliphatic carbonyls (Cs, Cs, and >Cs)
were usually measurable but lower in concentrations compared with the C;-C4 carbonyls. Except
for the straight chain aldehydes (e.g. pentanal, hexanal, etc.), resolution of the other isomers of
Cs and higher carbonyls was incomplete, and thus inaccurate. The latter were more
appropriately reported as a group by carbon number. Pure DNPH derivatives of the aldehydes
and ketones were used to prepare calibration standard for the high performance liquid
chromatography (HPLC).

Field blank variability established the LQL (lower quantifiable limit), which for C;-C;
carbonyls was typically 0.5 ppb or lower (at 3 times the standard deviation of the blank
variability).

Accuracy of this method was approximately +15% for formaldehyde based on
comparison studies with long path spectroscopic techniques in an ambient air setting (Fung and
Wright, 1990; Lawson et al., 1990). Since the basic chemistry of the DNPH method was the
same for all carbonyls, the accuracy for higher carbonyls was expected to be in the same range.

4.1.2.3.8 Real-Time Carbon Monoxide

The carbon monoxide (CO) concentrations were measured using Langan electrochemical
sensors. These instruments were designed to operate in a passive environment and have no
sample flow. The instrument had a diffusion membrane that CO could pass through. The
membrane was exposed to ambient air on one side and contained a solution that reacted with CO
on the other. Ambient CO that diffused through the membrane reacted with the solution,
creating an electric current that was proportional to the ambient CO concentration. The
instrument was calibrated by sampling known concentrations of CO prepared in air.

A third CO analyzer was added for the main study, a Dasibi Model 3003. This analyzer
measured CO using an infrared detector, and is an U.S. EPA Reference Method for CO. The
analyzer was installed near the center of the bus and connected to the switching manifold
described in Section 4.3.11.

The CO and VOC monitors along with associated cables, standard gas tanks, rotometers
and sampling lines are shown in Photograph 5.

4.1.2.3.9 Real-Time Nitrogen Dioxide

The NO; concentrations were measured using two gas chromatographs (GCs) to measure
NO, and peroxyacyl nitrates (PAN). Ambient air was brought into the analyzer and drawn
through a sample loop. Once per cycle (one minute cycle time) a valve switched and the sample
was pushed into a capillary column using air carrier gas. NO, and PAN were separated from
each other in this column. The separated constituents eluted from the column onto a fabric wick
wetted with luminol solution. NO, and PAN react with luminol, emitting photons of light
proportional to their concentration. The central portion of the wick was viewed by a
photomultiplier tube (PMT). Photons of light from the reaction with luminol entered the PMT
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Photograph 5. (a) Power and data cables, sampling lines, CO monitors, and VOCs analyzers;
(b) Cables, standard gas tanks, rotometers and sampling lines

where the signal was multiplied through a series of electrified plates that successively multiplied
and converted the signal from “light energy” to “electrical energy.” This amplified electrical
signal was output to the computer controller and data logger. Because NO, and PAN eluted
from the instrument at different times, the data logging system could separately process and store
the data from the PMT for these two compounds. These instruments did not detect HONO.

A third analyzer was added to the maii 0 4Tmto t
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4.1.2.3.10 SF¢ Tracer Gas

The sulfur hexafluoride (SF¢) concentrations were measured with an AeroVironment
Model CTA 1000 analyzer. The primary task of this analyzer was to determine if a significant
amount of the bus exhaust was entering the passenger compartment of the bus. For this task, SFg
was injected into the bus exhaust systems as described in Section 4.1.4. A second use of the
instrument was to determine the ventilation (or air exchange) rates in the passenger compartment
as described in Section 4.1.3. This Aerovironment instrument uses electron capture detection
after water and oxygen are removed from the sampled air. The instrument was developed for
operation on a moving platform and has a sensitivity of approximately 0.010 ppb with a response
time of about three seconds. In order to account for analyzer baseline drift, it was set up to
frequently sample reference SF¢-free air.

4.1.2.3.11 Range Finder

In order to measure the distance from a vehicle being followed, a Laser Optronix DME
200 laser range finder was acquired. This device is palm-sized and operates with a pulsed 904
nm laser. If the reflectivity of the target is good, its range is 1-300 m, with an accuracy and
resolution of about 1.0 m. The instrument outputs data once per second to the data logger.
However, due to problems with trying to use the instrument on a “moving platform,” as well as
problems trying to measure distances to vehicles that were in the field of view for often
considerably less than one second, no viable data were obtained from this instrument. Instead
distances to vehicles was estimated when necessary from the video tape.

4.1.2.3.12 Bus Location

The bus location was determined with a Garmin GPS MAP76 global positioning system
with a Wide Area Augmentation System (WAAS) corrections system. The system provides
position accuracy of about 2-3 meters. The GPS has a 12 parallel channel receiver to
continuously track and use data from up to twelve satellites. The WAAS system is a broadcasted
“signal integrity” signal that is determined by fixed ground-based reference stations. The GPS
uses the WAAS correction information to increase the accuracy of the positioning information.
In addition to horizontal position (e.g. latitude and longitude or UTM coordinates), the corrected
GPS system also provides elevation and velocity data. These data were displayed on a liquid
crystal display on the GPS and were output digitally (RS232) for logging along with the air
quality data on the data logger.

The GPS unit was used as a time reference during this study. The clocks on all other
devices were set to the GPS time on a daily basis.

4.1.2.3.13 Meteorological Data

Temperature and relative humidity were measured inside the bus using a Rotronics
Model MP101A sensor. The sensor determined temperature using a 100 ohm platinum
resistance temperature device (RTD) and relative humidity using a Hygrometer C94 capacitive
humidity sensor. The instrument included internal signal conditioning to process and output two
voltage signals that were proportional to the temperature and relative humidity, respectively.

Hourly wind speed and direction data were obtained from the nearest AQMD fixed site
monitoring stations for the dates of times of each bus run. These data provided an estimate of
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the prevailing area-wide wind conditions during a bus run, but did not account for
micrometeorology around the bus (e.g. street canyon effects) throughout the run. Therefore,
tnterpretation of the data based on these measurements requires caution. In general, and as
expected based on land/sea temperatures, there was little or no wind during the morning runs,
while the afternoon runs typically occurred during on-shore flow conditions with significant
wind speeds. Therefore, only the afternoon wind data were useful as a potential explanatory
variable for differences in pollutant concentrations between afternoon runs. For the primary
urban route, hourly wind speed data from the two nearest AQMD stations (West Los Angeles
(WLA) and downtown Los Angeles (CELA)) for 15:00-16:00 and 16:00-17:00 (the hours
covering all runs on this route) were averaged and this value assigned to the run. The same
procedure was used for the second urban route using the Hawthorne (HAWT) and Lynnwood
(LYNN) AQMD stations. Wind direction measured at the AQMD stations was consistently from
the West or Southwest for all afternoon runs.

4.1.2.4 Use of Video Camera and Digital Camera

A Sony DXC-390 video camera was mounted at the front of the buses to record traffic
conditions in the lane in which the bus was traveling, as well as the adjacent lanes during all
measurement periods. This camera has an RS-232 Interface, a resolution of 800 TV lines, and a
10-bit digital signal processing system. In addition, the camera has a variable speed electronic
shutter, which provides the capability to capture clear images of high speed moving objects. The
camera was set to a wide angle to view as much of the scene as possible. The camera included a
“time stamp” feature for adding date and time information to the video. The clock in the video
camera was synchronized with the GPS master clock time prior to each run.

4.1.2.5 Documentation of Bus Commute, Traffic Conditions and Events During Each Run

In addition to the video camera, a software program developed and tested by the UCLA
field team was used to record traffic conditions, bus movement and other observations during
each bus run. Detailed observations during each bus run, such as when the bus was moving,
idling, or at a bus stop, identification of vehicles in front of the bus, and traffic conditions were
recorded and time stamped in a data log using a laptop computer. The clock used for the time-
stamp was also synchronized with the master clock. Comparison of peak concentrations of
pollutants and the observations recorded in the data log were used to identify conditions that led
to the highest pollutant concentrations inside the bus during selected runs. All of the data
collected during this study, will be submitted in electronic format to the ARB for further review
and analysis.

4.1.3 Bus Ventilation Rate Measurements

We emphasize here that the experiments conducted with SFs to measure ventilation rates
in each bus at several speeds and with windows opened or closed (as explained below), were all
conducted at CE-CERT prior to each bus being driven to the Westside. Thus, the use of SFs for
the ventilation rate measurement was completely separated in time and location from the SFg
tracer studies designed to determine the contribution of a bus’s own exhaust to within-cabin
concentrations. In short, the SF¢ ventilation measurements did not affect the subsequent exhaust
tracer measurements in any way.
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Exchange of the air inside bus cabins is controlled by several factors, including window
position (i.e. closed, opened or some position in between) and penetration of outside air through
leaks around windows, the main door, roof vents, emergency exits and other nonspecific
locations, depending on bus speed and wind speed. Air exchange rates may also be significantly
affected by other characteristics of the bus including differences in construction specifications
for older buses versus newer buses. Some of these characteristics may increase as a bus ages
(e.g. leaks). For this study, air exchange rate or ventilation rate tests were performed with the
windows open and the windows closed at bus speeds of 0, 20, and 40 mph. Air exchange rates
inside the bus were measured by releasing a SFs tracer gas inside the bus and monitoring the
concentration of the gas over time.

High concentration (5,000 or 10,000 ppm) SF¢ cylinder gas was used as the tracer. A
plastic syringe was filled with 10-30 cc of the SF¢ cylinder gas. The amount used was varied as
a function of window position, bus speed and cylinder concentration, to obtain interior SFg
concentrations within the SF¢ analyzer operating range in the available experiment time. SFs
was released from the syringe as a line source in the aisle of the cabin as the operator walked
from the back to the front of the bus. The operator then walked back to the rear of the bus, using
his body to help rapidly mix the SF¢ inside the bus.

The SF¢ concentration was continuously monitored from the middle of the bus at the top
edge of the seats facing the aisle. All 0 mph tests were performed in the CE-CERT parking lot
with the bus facing north. All the 20 and 40 mph tests were performed on Riverside Drive
between Riverside and Colton (except the CNG bus tests). Riverside Drive was a four lane road
with a posted speed limit of 45 mph, with more than two miles between traffic stops and light
traffic during the period we conducted the ventilation tests. Although there were variations from
test to test, typically the test began with windows closed traveling north on Riverside Drive at 20
mph, followed by traveling south on Riverside Drive at 40 mph. The windows remained closed
for the duration of the test. A second test was performed in a similar manner, again traveling
north on Riverside Drive at 20 mph, followed by traveling south on Riverside Drive at 40 mph,
this time with the windows open for the duration of the test. Except for the tests on the CNG
bus, ventilation tests were performed just prior to starting the rural/suburban run. Due to
equipment problems, the ventilation tests at 20 and 40 mph for the CNG bus were performed at
the end of the rural suburban run on Grand Avenue from Diamond Bar to Glendora and back.
The speeds and window positions for these tests were similar to those used for previous tests on
Riverside Drive. The 0 mph tests were performed over periods ranging from ten minutes to over
an hour. The 20 and 40 mph tests were performed over periods of two to ten minutes.

For all tests, the amount of SFs released resulted in concentrations beyond the
instrument’s full scale. Typically, after a brief period beyond full scale (during which the SFg
was also mixing throughout the bus), the concentration of SF¢ dropped to the monitor’s full
scale. At this point the SFs decay rate was measured and used to determine the air exchange rate
in the bus.

To determine the SF¢ exchange rate, we used the following equation, which assumed bus
ventilation rates are a first order process:
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(SFe). = (SFe)o * [1 — exp (-t/T)] 4.13.1)

where (SFg)o is the SF¢ concentration at time zero, (SF¢); is the SF¢ concentration at time t, and T
is the time constant. The SF¢ removed from the bus (and the percentage of bus air exchanged)
over time is 63%, 87%, 95%, 98%, and 99% for times equal to the first through fifth time
constants, respectively. Although there were many factors that controlled mixing and exchange
of air in the bus, inspection of the plots of SF¢ versus time indicated a first order decay provided
a reasonably accurate fit of the data.

The results of the ventilation tests are presented in Table 4.1.3.1, which shows the time
constant, or the time required for 63% of the bus air to be exchanged. The time for essentially
complete exchange is three times (i.e. 95% exchange) to five times (i.e. 99% exchange) longer.
The shorter the time for air to exchange, the higher the ventilation rate. The ambient wind speed
for all stationary ventilation tests was approximately 1-3 m/sec. The ventilation rate when the
bus was stationary with the windows closed varied from moderate for HE3 (under ten minutes
for 63% of the bus air to be exchanged) to no detectable ventilation during the fifteen to forty-
two minutes that the test was conducted (HE1, HE2, RE1, RE2, TO1, CNG). The ventilation
rate was higher for windows open compared to windows closed (for the same bus speed). The
ventilation rate was also higher when the bus was driven at 40 mph compared to 20 mph. The
tests showed there were a significant number of “leaks” in all buses tested. As can be seen in
Table 4.1.3.1 (excluding RE2, windows open at 0 mph), even with the windows closed, the
ventilation rates for the buses traveling at 20 and 40 mph were higher than the ventilation rates
for the same buses at 0 mph with the windows open.

Significant differences in the ventilation rates between buses were observed. Because
only a single set of ventilation tests was performed for each bus, it is not possible to determine if
these differences were definitely due to differences between the buses, or if they were due to
other factors, such as different wind conditions when each bus was tested. One indication of the
possible major effect that wind speed (as opposed to bus speed) may have on ventilation rate
comes from the windows open at 0 mph test performed on the last bus. The CNG bus had a
moderately low ventilation rate with windows open at 0 mph (seven minutes for 63% of the air
to be exchanged), while the other buses had higher ventilation rates, (between two and four
minutes for 63% of air to be exchanged) for 0 mph. We assume that when the bus windows are
open at 0 mph, any major differences observed are due to wind speed and not to unique
characteristics of one bus compared to another. Hence, the most probable explanation for the
low ventilation rate in the CNG bus with windows open at 0 mph was the calm wind conditions
during the test. For each series of 0, 20 and 40 mph tests, there was a factor of two to a factor of
four difference between the bus with the highest ventilation rate to the bus with the lowest
ventilation rate. Because of the likely significant role that wind contributed to these differences
(especially for the 0 and 20 mph tests), it is, in general, difficult to draw conclusions about
possible bus-to-bus differences in ventilation rates. However, air exchange rates were typically
much higher with open windows and much higher at higher speeds, regardless of window
position.
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BUS HE1 HE2 HE3 REI RE2 TO1 CNG
Response Time = Response Time | Response Time ;| Response Time | Response Time | Response Time @ Response Time
(First Time (First Time (First Time (First Time (First Time (First Time (First Time
Constant) Constant) Constant) Constant) Constant) Constant) Constant)
TEST CONDITION (min:sec) (min:sec) (min:sec) (min:sec) (min:sec) (min:sec) (min:sec)
Windows closed 0 mph >15min - > 30 min 09:47 > 30 min > 30 min > 15 min > 42 min
Windows open 0 mph 02:39 02:38 03:16 03:57 00:40 02:18 07:00
Windows closed 20 mph NA 01:20 01:52 01:56 03:31 04:38 02:00
Windows closed 40 mph NA 00:52 00:38 01:05 02:00 01:22 01:21
Windows open 20 mph NA 00:31 00:58 00:48 00:47 00:23 00:26
Windows open 40 mph NA 00:16 00:29 00:17 00:37 00:12 00:23
Four windows Three windows 6 0f 12 of right ~ Six windows on
Number of windows every other on both sides (8  on both sides (6 side and 7 of 13 each side (12
opened for "window window opened  all windows and total) down 4 total) down 4 3/4 of windows on left side total) opened 3
open" condition at 0 mph 7 cm door opened inches inches opened 4 inches  opened 4 inches inches




4.1.4 Characterization and Justification for the Selected School

For this study we sought to identify a school with a diverse student population drawn
from various parts of Los Angeles, and which offered a broad range of travel distance, roadway
type, and traffic congestion scenarios associated with bus commutes. Due to resource constraints
the present study was unable to test across a full range of possible commutes, meteorological
conditions, bus manufacturers, model years, school districts, geographic locations in California,
etc. Our results are “representative” only to the extent the commutes, buses, conditions, areas,
etc. we studied are representative of southern California school districts.

The school selected for both the pilot and main studies was the Brentwood Science
Magnet School (BSMS), located at 740 Gretna Green Way, in West Los Angeles. The BSMS
was in Local District D of the LAUSD. It was a K-5 facility with a total enrollment of 1,209
students in the 1999-2000 school year. Because it was a magnet school, BSMS was racially and
ethnically diverse with a student population demographic of approximately 20% Asian, 20%
African-American, 25% Hispanic, and 35% Caucasian.

We felt the BSMS school provided high exposure scenarios and yet was located close to
UCLA, allowing ready access and the opportunity to optimize time spent on acquiring data.
Also, because BSMS was a magnet school, it provided a wide range of distance and congestion
scenarios for its bus commutes.

Considerable initial research concerning the selected school, and its associated bus
behavior, was conducted prior to the start of the pilot study, including a detailed analysis of
routes, patterns, and travel times for all nineteen routes used by the BSMS. A relationship was
established with the school through the school's principal and its science advisor, and also
through the LAUSD Transportation Branch and its Director, Antonio Rodriguez. The school
principal, Sharon Katz, provided approval for conducting the pilot study at BSMS, while the
LAUSD Transportation Branch provided the detailed route sheets for all the bus commutes to
and from this school. Additional support was provided by Dr. Angelo Bellomo, Director of the
LAUSD Environmental Health and Safety Branch.

We expected the bus commutes from the BSMS were capable of producing high
exposure scenarios on the bus during the commute due to the long distances of the commutes and
the areas of Los Angeles they traveled through. Figure 4.1.4.1 shows the starting locations of
each of the bus routes bringing children to BSMS. Most of these routes involved both freeways
and residential arterials, including those expected to have heavy traffic congestion. Children
were bused to BSMS from over 200 schools throughout the city, with an average commute time
and distance of 85 minutes and 23 miles, respectively. Typically, 85% of the children attending
BSMS were transported to and from this school each day on nineteen diesel school buses.

The school property was bounded by Gretna Green Way on the west, Montana Avenue
on the south, Bundy Avenue on the east and San Vicente Boulevard on the north. We
characterized non-freeway traffic densities for these four arterials as low, low-medium, medium,
and medium-high, respectively, with the caveat that at the student drop-off and pick-up times
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Figure 4.1.4.2 Diagram of Brentwood Science Magnet School.

from the buses onto the sidewalk in front of the school, where they waited until all children had
unloaded from that bus. The children then walked as a group into the school through two
entrance ways. Buses arrived at different times, so often children were waiting on the sidewalk
when another bus pulled up to the curb. In general, morning commutes were conducted with bus
windows up, in part due to cooler morning temperatures.
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Photograph 6. School bus pulling up at BSMS, at the end of a morning run, with
children in the unloading zone.

In the afternoon, buses arrived and parked on Gretna Green Way, along the sidewalk in
front of the school, between 13:00 and 14:30 (Photograph 7). Again, each bus turned off its
engine as soon as it parked. In the afternoon, all buses had the windows pulled down about one
quarter of the way. School ended at 14:45, and children quickly boarded a total of nineteen
buses. Of these, four were “small” and fifteen were “full size.” Typically, children were on the
sidewalk no more than about five minutes before they boarded, but on occasion groups of
children were on the sidewalk considerably longer. At about 15:00, the bus engines were turned
on simultaneously and generally all buses pulled away from the curb by about 15:05 (See
Photograph 8). In general, no engines were turned on before all buses were boarded. The great
majority of the buses turned right, or east, on San Vicente Boulevard.

Photograph 7. Line of buses in front of BSMS before an afternoon run.
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Photograph 8. a) Departing from BSMS during an afternoon run, school bus ahead.
b) Driving behind a school bus on an arterial street.

During the loading period, parents driving passenger vehicles dropped off (AM) or
picked up (PM) approximately two dozen students on Gretna Green Way. However, no children
other than those taking the buses stood on the sidewalk in front of the school. A few children
were picked up by parents who appeared to walk to the school. Observation of the departing
buses in the afternoon revealed several buses often “caravanned” at least part of the way on San
Vicente, Wilshire and the San Diego Freeway (Interstate 405), which can lead to high exposures
in the “following” buses (Rodes et. al. 1998).

4.1.5 Characterization and Justification for the Selected Bus Routes

Three different bus routes were used in this study. The first two were both in-use bus
routes that traveled from highly urbanized areas of south-central Los Angeles to west Los
Angeles. The third was a route that was fifty percent rural and fifty percent suburban, and
traveled from rural Riverside to Diamond Bar in Los Angeles County. The principle criteria
used to select these routes were that they be representative of bus routes in Southern California
and that they also be representative of the wide range of roadway types and traffic congestion
scenarios encountered in the South Coast Air Basin.

4.1.5.1 Urban Route One

During our investigation of BSMS bus commutes, the Director of the Transportation
Branch at LAUSD provided the complete route sheets for all buses serving the BSMS. There
were 19 different bus routes associated with the BSMS and these sheets provided the exact route
followed, including the timing and duration of the stops, and the number of children picked up or
dropped off at each stop. As can be seen in Figure 4.1.4.1 (triangles mark the starting locations
of bus routes), students were bused from all parts of Los Angeles County to the BSMS, with bus
routes covering extensive portions of South Central and East Los Angeles, Hollywood, the San
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Fernando Valley, and reaching as far south as Carson. Combined, these bus routes provided
comprehensive coverage of Los Angeles County west of the 710 Freeway.

In an effort to choose a bus route for the main study that provided an appropriate range of
roadway types and traffic conditions representative of Los Angeles County commutes in
particular, and dense urban traffic congestion in general, we investigated a selected number of
BSMS bus routes. Four routes, including the route used during the pilot study, were evaluated.
Since the pilot study route originated in south central Los Angeles, we selected one comparison
route originating in north Los Angeles County (i.e. San Fernando Valley, Route No. 3222) and
one originating in the south (i.e. Carson/Long Beach area, Route No. 3235). This was done to
assess potential differences in route characteristics due to geographic location. The third
comparison route selected (Route No. 3202) was one originating in an area closer to the pilot
study route, to account for potential differences in route characteristics over similar geographic
areas. Each of these three routes incorporated both freeway and surface streets, and included a
variety of traffic congestion scenarios. Surface streets along each route were categorized into
residential, minor arterial, and major arterials using Caltrans annual average daily traffic count
data from 1998 and 1999.

Table 4.1.5.1 shows the comparison of these routes, and includes the percentage (in
distance) for each of the roadway types listed above, as well as the percentage of freeway versus
surface streets. As can be seen from this table, Route No. 3215, the route used in the pilot study,
had a similar mix of roadway types and traffic conditions compared with the other three routes.

Table 4.1.5.1 Comparison of the distribution of roadway types on selected BSMS bus routes.

Percent of Bus Route Distance
Route No. 3215 {5 e No. 3202 | Route No. 3222 | Route No. 3235
(Pilot Study Route)

< 5,000 10% 8% 7% 9%

Traffic Counts
(Annual 5,000 - 25,000 18% 20% 42% 27%
Average Daily | 55 501 _ 100,000 34% 38% 28% 44%

Traffic)

> 100,000 38% 33% 22% 20%
Freeway 38% 35% 22% 26%

Roadway Type
Surface Streets 62% 65% 78% 74%

' For a definition of roadway type by traffic count see Table 4.1.5.2.

In addition, Table 4.1.5.2 shows the amount of time spent on each roadway type for Bus
Route 3215. Approximately 25% of the time during this bus commute was spent on each of the
four major roadway types: residential, minor arterial, major arterial, freeway. This table clearly
demonstrates Route No. 3215 provided a sufficient distribution of roadway types and traffic
conditions to explore the effects of these factors on children’s exposure during bus commutes.
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Moreover, based on the comparison in Table 4.1.5.1, we concluded this route contained roadway
types and traffic conditions that were comparable to bus commutes in other parts of Los Angeles.

Our rationale for focusing primarily on a single route during the main study was to allow
us to more unambiguously investigate the importance of other variables related to pollutant
exposures during bus commutes, without the inevitable complications and confounders
introduced by using more than one route. Specifically, we wanted to elucidate the effects of key
variables such as fuel type and emission control status of the bus, hence it was important to hold
constant the nature of the route. Otherwise, potential differences in traffic density and other
route-related variables, even if not large in most cases, may have unnecessarily complicated and
even confounded comparisons between fuel type and vehicle emission status. It is axiomatic in
any scientific investigation that one would like to control all but one variable at a time in order to
elucidate the effects of the remaining changed variable (e.g. fuel type). It was challenging
enough to establish the effects and magnitudes of changing bus emissions and fuel types without
the complication of using many different routes.

Table 4.1.5.2 Distribution of roadway types of BSMS bus route No. 3215.

Percent of Time During Bus

Run
Annual Average Daily Traffic Roadway Type (Pi?)??ttlji(;; 13{205[6)

< 5,000 Residential 20%
5,000 - 25,000 Minor Arterial 20%
25,001 - 100,000 Major Arterial 30%
> 100,000 Freeways 25%
Freeway 25%
Surface Streets 75%

The broader issue concerning route choice and number of routes was one of how
“representative” were the resulting data. This is an issue inherent in any vehicle-related study of
this kind. In general, there are never sufficient resources (e.g. individual experimental runs) to
conduct an investigation that is truly representative of the enormous variability in, for example,
vehicle type and emissions, or roadway type and traffic characteristics. This is especially true
for a region like southern California with more than 10 million vehicles and a geographic area of
more than 10,000 square kilometers. Under these constraints the study design necessarily
involved severe tradeoffs and conflicting or competing objectives. The present school bus study
was no exception, given that only a fixed number of runs were possible within the funding, staff
and equipment resources available. For every new run added, some other experiment had to be
eliminated. Thus, the number of routes investigated could not have been expanded greatly
without sacrificing some other important aspect of the study. Moreover, we felt there were
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significant scientific advantages in leveraging the pilot study data by continuing to use the same
bus route in the main study.

For all of the reasons given above, Route No. 3215 (the same route used in the pilot
study) was selected as most appropriate for the primary focus of the main study. A map of this
route and its bus stops is presented in Figure 4.1.5.1. The route was driven with the fully
instrumented bus from the fifth stop to BSMS in the morning, and the reverse route in the
afternoon. This somewhat shortened route relative to the pilot study was 18 miles long and
provided approximately one hour of commute time. The percentage of time spent on the
freeways increased to approximately 40% of the total run time with the truncated route. This
route involved a wide variety of traffic conditions and roadway types, ranging from single lane
residential streets with little or no traffic, to heavily congested, multi-lane surface streets which
had high traffic densities during rush hour. Additionally, portions of this route traveled on the
two most heavily congested freeways in the United States (I-405 and I-10) during rush hour
traffic. The vehicle mix on these freeways, observed during the pilot and main studies, included
a high percentage of medium and heavy duty diesel vehicles, including trucks and other buses.
Particularly during the morning commutes, the percentage of diesel vehicles on the freeways was
high compared with surface streets.
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south central Los Angeles. In addition, this route traveled through inner city neighborhoods,
making stops in locations we judged to have a racial/ethnic composition of approximately 80%
Hispanic, 15% African American, and 5% Asian or other, thus having had relevance to concerns
about environmental justice.

Measurements were made on the primary route during twenty bus runs in April, May and
June 2002, consisting of ten morning and ten afternoon commutes. Each morning run started at
6:35 at the fifth pick-up location, and ended at approximately 7:40 at BSMS. During the
afte